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Solar cellsIn the present work, the application of response surface methodology (RSM) for the optimization of pro-
cess parameters in the chlorophyll extraction from Cordyline fruticosa leaves was performed. The absor-
bance of the extract obtained from the extraction process under different conditions was estimated using
the D-optimal design in RSM. Three different process parameters such as the nature of organic solvent
based on their boiling point (ethanol, methanol, and acetonitrile), pH (4–8) and extraction temperature
(50–90 C) were optimized for chlorophyll extraction. The effects of these parameters on the absorbance
or concentration of the extract were evaluated using ANOVA results of quadratic polynomial regression.
The results showed a high R2 and adjusted R2 correlation coefficients of 0.9963 and 0.9921 respectively.
Moreover, the analysis of the final quadric model based on the design experiments indicated an optimal
extraction condition of pH of 7.99, extraction temperature of 78.33 C, and a solvent boiling point, 78 C.
The predicted absorbance was 1.006, which is in good agreement with the experimentally obtained result
of 1.04 at 665 nm wavelength. The application of pigment obtained under the optimal condition was fur-
ther evaluated as a sensitizer for the dye sensitized solar cells. Maximum solar conversion efficiency (g)
of 0.5% was achieved for the C. fruticosa leaf extract obtained under the optimum extraction conditions.
Furthermore, the exposure of the leaf pigment to 100 mW/cm2 simulated sunlight yielded a short circuit
photocurrent density (Isc) of 1.3 mA, open circuit voltage (Voc) of 616 mV, and a fill factor (ff) of 60.16%.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
The dye-sensitized solar cells (DSSC), were developed by
Grätzel et al. [1] in 1991, is a novel material that can convert
sunlight into electricity through sensitization of wide band-gap
semiconductors. The performance of DSSCs mainly depends on
the dyes or pigments used as sensitizers, which absorb sunlight
and convert solar energy into electric energy [2]. The main
parameters that determine the conversion efficiency of the solar
cell include the absorption of dye and the anchorage of the dye
on the surface of semiconductor [3]. The structure of natural
dyes/pigments used as sensitizer determines its attachmentstrength to the semiconductor surface. It is reported that the
dyes/pigments containing hydroxyl or carboxyl functional groups
strongly bind on the surface of semiconductors like TiO2. The inter-
action between the TiO2 and the sensitizer could lead to the trans-
fer of excited electrons from the dye molecules to the conduction
band of semiconductor [4]. DSSCs sensitized by ruthenium poly-
pyridyl complexes and absorbed on TiO2 exhibited high conversion
efficiency of 11–12% [5]. However, the ruthenium complexes
contain heavy metals, which are expensive and environmentally
hazardous [6]. Hence, as an alternative to these complexes, natural
dyes or pigments are used because of their low cost, non-toxicity,
availability, and complete biodegradation capacity [7].
Natural dyes or pigments extracted from leaves, flowers, fruits,
and seeds through simple procedures can be used as sensitizers in
DSSCs; these dyes include chlorophyll [8], betalains [9], carote-
noids [10], anthocyanins [11], flavonoids [12], tannins [13], and
so on. Chlorophyll, which is found in the leaves of most of the
Table 1
Experimental runs of D-optimal design and the response for absorbance.
Std Run No. Solvent pH Temperature (C) Response absorbance
M.A.M. Al-Alwani et al. / Results in Physics 6 (2016) 520–529 521green plants, absorbs light from red, blue, and violet wavelengths
and obtains its color by reflecting green [14]. Chlorophyll exhibits
two main absorption peaks in the visible region at the wavelengths
of 420 and 660 nm. Natural pigments can be extracted from the
various parts of the plant using different types of organic solvents.
The nature of solvents affects the absorption or concentration of
the dyes and the binding between the dye and semiconductor sur-
face [15]. Thus far, the demand for developing efficient techniques
for the extraction with available active matter from plant materials
continues to increase.
Response surface methodology (RSM) is a tool used to optimize
the process parameters and it is the one of the most popular meth-
ods utilized in the last two decades [16,17]. The mathematical and
statistical techniques involved in the method are used to analyze
and optimize the processes in which a response of interest is
affected by several variables. Here the optimization of the process
could be performed, without assessing the predetermined relation-
ship between the variables and the response [18,19]. In RSM, the
experimental design, D-optimal is the one applied using computer
algorithms, to select the optimal combination of experimental tri-
als without classical designs. These designs are used when the
amount of resources is limited or the design space contains factors
that are impossible to run or are not feasible [20].
In this study, three extraction parameters such as extraction sol-
vent based on their boiling point, pH of the solution and the extrac-
tion temperature were investigated to extract the pigment from
Cordyline fruticosa leaves for its use as a sensitizer for DSSCs. The
current study primarily aims to apply the D-optimal experimental
design to optimize qualitative and quantitative parameters for
extraction of pigments from C. fruticosa leaf using the least amount
of solvents and the shortest time; and secondly to prepare extracted
pigment–TiO2 sensitizers for DSSC devices to convert sunlight into
electricity and to measure the conversion efficiencies of each solar
cell. Moreover the absorption spectra of the extracted dye were
analyzed by UV–Vis spectroscopy. The structure of the isolated
extract was studied using Fourier transmission infrared (FTIR) spec-
troscopy. The photovoltaic response of the DSSCwas determined by
recording the I–V characteristics under simulated solar illumina-
tion. The morphology of the pigment anchored semiconductor
TiO2 were identified using scanning electron microscopy.13 1 2.00 8.00 50.00 0.33
16 2 3.00 8.00 90.00 0.81
7 3 1.00 4.00 70.00 0.06
6 4 3.00 6.00 70.00 0.83
15 5 2.00 4.00 90.00 0.015
4 6 3.00 4.00 50.00 0.74
12 7 2.00 4.00 50.00 0.133
11 8 1.00 7.00 60.00 0.18
8 9 3.00 8.00 50.00 0.79
3 10 3.00 4.00 90.00 0.13
9 11 2.00 6.00 50.00 0.12
1 12 3.00 8.00 90.00 0.87
14 13 2.00 8.00 90.00 0.79
10 14 2.00 8.00 70.00 1
17 15 3.00 4.00 50.00 0.71
18 16 3.00 4.00 90.00 0.19
5 17 1.00 6.00 90.00 0.15
2 18 2.00 4.00 90.00 0.013
Table 2
Factors with their levels.Experimental
Extraction of natural dyes
The C. fruticosa leaf extract was obtained by the following
method. The C. fruticosa leaves were cleaned by washing, dried in
anoven at 40 Cand crushed intofinepowderusing a grinder (Mulry
function disintegrator SY-04). Next, (1) 10 grams of the leaf powder
was added to 100 ml of typical solvents (ethanol,methanol, and ace-
tonitrile) mixed with 5 ml distilled water and then extracted for
45 min at room temperature. (2) 10 grams of the powderwas added
to100 ml of each solventmixedwith5 ml of distilledwater and then
extracted at temperatures between 50 C to 90 C for 45 min. (3) 10
grams of the powder was added to 100 ml of each solvent mixed
with 5 ml of distilled water under pH 4 to 8 and extracted for
45 min. The extract was filtered using filter paper and the filtrate
was concentrated in a rotary evaporator (Yamato RE 600) at 50 C
for 3 h. the absorption spectra of the extractswere determinedusing
UV–Vis spectrophotometer (Perkin–Elmer, Lambda 35).Independent variable parameters Factor Ai Levels
1 0 +1
Solvent type (boiling point) C A1 1(65) 2(75) 3(85)
pH A2 4 6 8
Temperature (C) A3 50 75 90Experimental design and optimization
All experiments for pigment extraction from C. fruticosa leaves
were designed according to D-optimal design. 18 runs wereperformed to determine the effects of extraction parameters on
the absorbance of the extract. The experimental conditions and
the results of the experimental runs are presented in Table 1. Inde-
pendent variables A1, A2, and A3 represent the boiling point of the
extraction solvent, pH of the solution, and extraction temperature,
respectively. The high and low values indicated in Table 2 were
used to determine the parameter levels of the independent vari-
ables. A quadratic or linear model of the optimization process
was constructed using Eq. (1) to explain the relationship among
the given factors.
Y ¼ boþ
X
biAi þ
X
b2iiAi þ
XX
bijAiAj ð1Þ
where bo, bi, bii, and bij are the constant, linear, square, and interac-
tion regression coefficients, respectively. Ai and Aj represent the
independent variables. The interaction among the parameters of
the independent variables and the response was determined using
Eq. (1) and statistically evaluated through ANOVA.
Characterization and measurements
The absorption spectra of extract from C. fruticosa were
recorded using UV–Vis spectrophotometer. FTIR spectrum of the
extract was determined using Thermo Scientific, NICOLET 6700.
The efficiency of converting solar energy into electricity was mea-
sured under simulated solar light (AM 1.5, 100 mW/cm2). Based on
the photo current–voltage (I–V) curve, the fill factor (FF) can be
estimated using Eq. (2).
FF ¼ ðImax  VmaxÞ=ðIsc  VocÞ ð2Þ
where Imax and Vmax are the photocurrent and photovoltage for Pmax
(maximum power output), respectively; Isc is the short-circuit pho-
tocurrent, and Voc is the open-circuit photovoltage. The overall solar
conversion efficiency (g) of the DSSC is defined as:
g ¼ ðIsc  Voc  FFÞ=Pin ð3Þ
where Pin is the input power.
Table 3
ANOVA results for quadratic model of extraction.
Source Sum of squares Degree of freedom Mean square F-value P-value
Model 2.21 9 0.25 237.75 <0.0001*
A 0.53 1 0.53 511.70 <0.0001*
B 0.59 1 0.59 572.16 <0.0001*
C 0.058 1 0.058 55.93 <0.0001*
A2 4.561E004 1 4.561E004 0.44 0.5254
B2 0.046 1 0.046 44.95 0.0002*
C2 0.30 1 0.30 288.99 <0.0001*
AB 0.027 1 0.027 26.04 0.0009*
AC 0.23 1 0.23 218.13 <0.0001*
BC 0.25 1 0.25 240.56 <0.0001*
Residual 8.275E003 8 1.034E003
Lack of fit 4.223E003 4 1.056E003 1.04 0.4845
Purr error 4.052E003 4 1.013E003
Core total 2.22 17
R2 = 0.9963, R2 adj = 0.9921, adequate precision = 40.259.
* Significant at <0.05% level.
Fig. 1. Diagnostic plots of the optimization (a) Normal plot of residuals (b) outlier T, (c) studentized residuals and (d) actual and predicted values.
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Fig. 2. Effect of solvent and pH on the extract absorbance: (a) surface and (b) contour plots.
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Model fitting of D-optimal design
RSM with a set of experimental runs based on the D-optimal
design was used to determine the effect of independent variables
on natural dye extraction. ANOVA was used to explain the interac-
tion effect indicated by the experimental runs; this technique was
also employed to validate the model by confirming the optimum
experimental conditions and accurately predict the results through
comparison with the experiments using diagnostic graphs [21,22].
The effects of the parameters of the independent variables on dye
extraction were investigated using the quadratic polynomial
model and estimated based on the experimental results with the
respective coefficients.
B ¼ 4:786þ 1:295A1  0:516A2 þ 0:136A3  0:011A210:037A22
 9:586A23  0:035A1A2  0:010A1A3 þ 3:753A2A3where B is the absorbance of the dye; A1, A2, and A3 represent the
boiling point of the extraction solvent, pH of the solution, and
extraction temperature, respectively.
The ANOVA results of this regression model are listed in Table 3.
The model equation for absorbance was obtained within the range
of independent variable parameters. An F-value of 237.75 indicated
that the model derived through the D-optimal design significantly
reflects pigment extraction, with an adequate precision of 40.259;
this finding indicates adequate signal-to-noise ratio, and values
higher than 4 are considered acceptable [23]. The p-value of the
model is considered significant at p < 0.05, whereas values higher
than 0.1000 are considered not significant. The results of the
D-optimal model revealed that all terms, namely, A1, A2, and A3,
were significant according to p-values <0.0001, as shown in Table 3.
In addition, the lack of fit for the model with an F-value of 1.04
appeared to be insignificant relative to the pure error value [24].
The R2 correlation coefficient of the model was found to be
0.9963, which indicates a good fit between the experimental
Fig. 3. Effect of solvent and temperature on the absorbance (a) surface and (b) contour plots.
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ficients (R2 adj = 0.9921) was high, indicating that the experimen-
tal results agreed with the final prediction value.
Adequacy check of the model
The D-optimal model must be validated to ensure that it
accurately represents the real system; otherwise, the analysis
may provide misleading or poor results [22]. The experimental
data were fitted to optimize dye extraction and avoid undesired
and poor results. Fig. 1 shows the diagnostic plots of dye extraction
optimization to evaluate the adequacy of the regression D-optimal
model for prediction. As shown in Fig. 3a, the normality of the
results was checked by plotting the normal probability versus
studentized residuals. All the experimental results wereapproximate to the continuous line, which could be to the absence
of evident problems on design normality (Fig. 1a). The studentized
residuals and the predicted dye absorbance values are plotted in
Fig. 3b. Variance was randomly scattered in the plot, thereby
indicating constant variance for all response values and absence
of problems with the predicted dye absorbance. The response
variance depends on the mean of y; thus, a funnel-shaped pattern
from the scatter plot appeared in Fig. 11b [21]. As presented in
Fig. 1(c), the experimental outlier exhibited good distribution
within the considered range. The predicted absorbance values of
the dye were compared with the experimental values to estimate
the validity of the prediction (Fig. 1(d)). The results showed that
the experimental and predicted values are in good agreement, as
illustrated by all points arranged closely to the diagonal
line [25].
Fig. 4. Effect of pH and temperature on the extract absorbance: (a) surface and (b) contour plots.
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The 3D response surface and 2D contour graphs were used to
investigate the effect of each factor on extract absorbance. The
effects of varying the ranges of different factors were explained
using statistical values. Methanol (boiling point 64.7 C, molar
mass 32.04 g/mol1), ethanol (boiling point 78.37 C, molar mass
46.07 g/mol1), and acetonitrile (boiling point 81 C, molar mass
41.05 g/mol1) were selected as solvents because of their polarity
and less hazardous nature [26]. Fig. 2(a) and (b) show the response
surface effect of solvent type and pH on the extract absorbance.
Absorbance increased as the pH increased from 4.0 to 8.0. Devi
et al. [27] reported that pH influenced the extraction and stability
of the pigments. The pigments may exhibit different colors
depending on their structure, pH, and presence and concentration
of co-pigments [27].
The effect of solvent type and temperature on absorbance was
also investigated and the results are presented in Fig. 3
(a) and (b), respectively. An increase in temperature from 50 C
to 90 C increased the absorbance value. Previous studies reportedthat temperature considerably influenced the extraction and sta-
bility of natural pigments in the presence and absence of light.
The color intensity of the extract increased with increasing extrac-
tion temperature. Increasing temperature favored the extraction,
enhanced the solubility of the pigments, and increased the diffu-
sion coefficient, thereby enhancing the extraction rate and
decreasing the extraction time [27–29]. The increase in extraction
rate is related to increased diffusivity. Hence, increase in extraction
temperature also increased the rate of extraction and hence the
absorbance. Fig. 4(a) and (b) shows the effect of temperature and
pH on absorbance. The influence of the combined temperature
and pH on absorbance was enhanced, which is similar to the effects
observed in Figs. 2 and 3. The absorption of the dye varied as the
temperature increased from 50 C to 90 C.
Optimization and model validation
The experimental factors in natural dye extraction were
selected according to the validation step, which is important to
check the prediction stability. Increase in the experimental factors
Solvent type (Boiling Point) = 2.07
1.00 3.00
pH = 7.99
4.00 8.00
Temp.  = 78.33
50.00 90.00
Absorbance = 1.00608
0.013 1
Desirability = 1.000
Fig. 5. Optimal conditions for dye extraction.
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Fig. 6. UV–Vis absorption spectra of C. fruticosa extracts with different solvents.
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bance, which is an undesirable outcome. The optimum conditions
for dye absorption consists of several criterions, namely, none,
minimum, maximum, target, and within range (Fig. 5). Experi-
ments were carried out at predicted optimal conditions with
absorbance of 1.006 nm, pH of 7.99, extraction temperature of
78.33 C, and ethanol (boiling point, 78 C) to validate the predic-
tion. Appropriate selection of factor levels plays an important role
in the optimization of the extraction process.Characterization of the extract
Fig. 6 shows the absorption spectra of C. fruticosa leaf extracts in
methanol, ethanol, and acetonitrile. The extract shows visible
absorption range within 630–700 nm. Three main peaks were
found at 530, 605, and 660 nm. The absorption peaks of the extract
are similar to those of chlorophyll. The figure also shows broad
absorption bands in the region from 470 to 570 nm, which may
be attributed to a combined absorption of the chlorophyll a as well
as the presence of quantities of carotenoids co extracted with the
pigment [2,17]. Fig. 7a and b shows the UV–Vis absorption spec-
trum of dye extracted from C. fruticosa leaves (Fig. 7a) and the
dye after adsorbed onto the TiO2 surface (Fig. 7b) respectively.
The molecule structure of chlorophyll is shown in Fig 8. For com-
parison, extraction using ethanol showed the highest peak of the
absorption spectra of C. fruticosa dyes. The bands were dependent
on solvent, and the local maximum of C. fruticosa leaf extracts
increased from acetonitrile to methanol. The recorded FTIR spectra
of pigment extracted from C. fruticosa leaves is shown in Fig. 9. The
Fig. 9. FTIR spectra for dyes extracted from C. fruticosa.
Fig. 10. SEM images of (a) pure TiO2 and (b) C. fruticosa-TiO2 composite.
Table 4
Photoelectrochemical parameters of the DSSC using the extract of leave C. fruticosa.
Dye Voc (v) Isc (mA) Jsc (mA/cm2) Vm (v) Im (mA) Pmax (W) g % FF %
C. fruticosa 0.616 1.3 1.3 0.445 1.1 0.5 0.5 60.16
M.A.M. Al-Alwani et al. / Results in Physics 6 (2016) 520–529 527structure of the dye extracted using the optimum solvent was
confirmed through the FTIR spectra. The spectra indicated the
functional groups of dyes from C. fruticosa. As observed in C. fruti-
cosa samples, the sharp peak contains three heads that belong to
the C@C group. However, the C@O group appears in the wave-
length of 1739 cm1 and the CH3 group at 1456 cm1. The presenceof the CAO group in 1060 cm1 is a strong peak, which indicates
high amounts of dye. Aldehydes were found in wavelength
between 879 cm1 to 721 cm1 because of the base of the natural
organic dyes. Therefore, C@O and OH of the aromatic compound
were obtained at different wavelengths of 1635 and 1416 cm1,
respectively.
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Fig. 11. I-V curve of DSSC sensitized with C. fruticosa.
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Fig. 10 shows the SEM images of and TiO2–C. fruticosa. The TiO2
particles aggregated to form nanoclusters (Fig. 10a). This behavior
is affected by the photo material for DSSCs [30]. The SEM images of
natural dyes extracted from C. fruticosa after doping onto the TiO2
particle surface are shown in Fig. 8b. The aggregation of TiO2
particles was enhanced. In addition, the spherical shapes of TiO2
particles slightly changed because of the adsorption of chlorophyll
onto the TiO2 surface (Fig. 10b). The aggregation of TiO2 particles
could be due to exposure of all particle surfaces to the dyes, which
induces the attachment of the surface to the covered dye [31].
Table 4 shows the photovoltaic test of DSSCs using C. fruticosa
extract as photosensitizer under irradiation with visible light
(100 mW/cm2) to prepare I–V curve. The performance of
chlorophyll extracted from C. fruticosa was evaluated by open cir-
cuit voltage (Voc), short circuit current (Isc), fill factor (ff), and
energy conversion efficiency (g). The photoelectrochemical param-
eters of the chlorophyll dye are summarized in Table 4. The cell
based on the C. fruticosa leaf extract exhibited a fill factor of
60.16% and a maximum conversion efficiency of 0.5% (Fig 11).
Generally, natural dyes used as photosensitizers in DSSCs showed
very low conversion efficiencies compared with synthetic dyes
because of the unavailability of specific functional groups on the
former [32]. Chlorophyll plays a key role in the photosynthesis of
plants but cannot achieve high sunlight-to-electricity conversion
in DSSCs because of insufficient bonds available between the dye
molecules and TiO2 surface; through these bonds, electrons are
transport from the excited dye to the TiO2 surface [2]. The bond
and interaction between the dye molecules and the TiO2 particles
are important to enhance the DSSC conversion efficiency. Voc
(0.616 V) and Isc (1.3 mA) determine the conversion efficiency of
the DSSC. Voc is the difference between the Fermi level of TiO2
and the potential of the redox electrolyte that depends on electron
recombination rate and sensitizer adsorption mode. Isc generation
depends on the amount of natural dyes adsorbed on the TiO2 sur-
face; dyes detected on the surface of TiO2 induce rapid conversion
of sunlight photons into electrons, which in turn, lead to rapid
injection of electrons [32,33].
Shanmugam et al. reported that the conversion efficiency of
DSSC fabricated with the extract of flowers of red frangipani and
ivy gourd fruits were 0.3% and 0.07% respectively [34]. The conver-
sion efficiency with natural extract of pomegranate leaf reached
0.59% [35]. Wongcharee et al. (2007) reported that the rosella
flower sensitized DSSC showed conversion efficiency as high as
0.7% at the optimum conditions [6]. Zhou et al. (2011) studied
twenty natural dyes extracted from different plant species as sen-
sitizers for DSSCs. They mentioned the performance of DSSCs based
on these natural dyes showed that the Isc was in the range between0.14 and 2.69 mVcm2 and Voc ranged from 0.337 to 0.689V. Man-
gosteen pericarp extract offered the highest conversion efficiency
of 1.1% among twenty species extracts [2].
Conclusions
In this study, C. fruticosa leaf extracts were extracted using dif-
ferent solvent types based on their boiling point, pH values, and
extraction temperatures. These parameters were optimized using
RSM based on the D-optimal design. The ANOVA results showed
good agreement between the predicted values and the experimen-
tal results for the response. The R2 and adjusted R2 correlation coef-
ficients of the model were high, thereby confirming the high
accuracy of the extraction model. Visible light was converted into
electricity using chlorophyll dye extracted from C. fruticosa leaves
in ethanol, methanol, and acetonitrile. DSSC was fabricated by
adopting doctor blade technique with chlorophyll dye as sensitizer.
The cell showed photo responses with Voc of 616 mV, Isc of 1.3 mA,
FF of 60.16%, and maximum conversion efficiency of 0.5%, thereby
confirming the accuracy of the model. This study indicates that
RSM based on D-optimal design is a suitable tool for optimization
of dye extraction conditions.
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